The masses of the low lying baryons are evaluated using a total of ten ensembles of dynamical twisted mass fermion gauge configurations. The simulations are performed using two degenerate flavors of light quarks, and a strange and a charm quark fixed to approximately their physical values. The light sea quarks correspond to pseudo scalar masses in the range of about 210 MeV to 430 MeV. We use the Iwasaki improved gluonic action at three values of the coupling constant corresponding to lattice spacing a = 0.094 fm, 0.082 fm and 0.065 fm determined from the nucleon mass. We check for both finite volume and cut-off effects on the baryon masses. We examine the issue of isospin symmetry breaking for the octet and decuplet baryons and its dependence on the lattice spacing. We show that in the continuum limit isospin breaking is consistent with zero, as expected. We performed a chiral extrapolation of the forty baryon masses using SU(2) χPT. After taking the continuum limit and extrapolating to the physical pion mass our results are in good agreement with experiment. We provide predictions for the mass of the doubly charmed Ξ * cc , as well as of the doubly and triply charmed Ωs that have not yet been determined experimentally.
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I. INTRODUCTION
Simulations of QCD defined on four-dimensional Euclidean lattice using near to physical values of the light quark masses are enabling the reliable extraction of the masses of the low lying hadrons. This progress in lattice QCD coupled with the interest in charmed-baryon spectroscopy, partly triggered by the first observation of a family of doubly charmed baryons Ξ + cc (3519) and Ξ ++ cc (3460) by the SELEX collaboration [1] [2] [3] , make the study of the charmed hadron masses particularly timely. The fact that the observation of Ξ + cc (3519) or Ξ ++ cc (3460), has not be confirmed by the BABAR [4] nor the BELLE [5] experiments calls for further attention into the existence of doubly charmed Ξs. Even more interesting is the mass splitting of about 60 MeV for this doublet as compared to the splitting of other previously observed isospin partners that have mass differences one order of magnitude smaller. Theoretical studies using e.g. the non relativistic [6] and relativistic quark models [7, 8] , and QCD sum rules [9] predict the Ξ cc mass to be 100-200 MeV higher than that observed by SELEX. Heavy baryon spectra will be further studied experimentally at the recently upgraded Beijing Electron-Positron Collider (BEPCII) detector, the Beijing Spectrometer (BES-III) and at the anti Proton Annihilation at DArmstadt (PANDA) at FAIR. Lattice QCD calculations can provide theoretical input for these experiments. A number of lattice QCD studies have recently looked at the mass of charmed baryons. Most of these studies employ a mixed action approach using staggered sea quarks. In Ref. [10] N f = 2+1+1 staggered sea quarks with clover light and strange valence quarks and a relativistic action for the charm quark are employed and the results are extrapolated to the continuum limit. In Refs. [11, 12] N f = 2 + 1 staggered sea quarks are used with staggered light and strange [11] or domain wall [12] valence quarks with a relativistic action for the charm quark.
In this work we extend our previous study on the low-lying spectrum of the baryon octet and decuplet using N f = 2 twisted mass fermions [13] to N f = 2 + 1 + 1 twisted mass fermions at maximal twist. For the valence strange and charm sector we use an Osterwalder-Seiler quarks avoiding mixing between these two sectors. The strange and charm valence quark masses are tuned using the Ω − and Λ c baryon mass, respectively. We analyze a total of ten N f = 2 + 1 + 1 ensembles at three different lattice spacings and volumes. This enables us to take the continuum limit and assess volume effects. Our results are fully compatible with an O(a 2 ) behaviour which is used to extrapolate to the continuum limit.
The good precision of our results on the baryon masses allows us to perform a study of chiral extrapolations to obtain results at the physical point. This study shows that one of the main uncertainties in predicting the mass at the physical point is caused by the chiral extrapolations, which yield the largest systematic error.
An important issue is the restoration of the explicitly broken isospin symmetry in the continuum limit. At finite lattice spacing, baryon masses display O(a 2 ) isospin breaking effects. There are, however, theoretical arguments [14] as well as numerical evidence [15, 16] that these isospin breaking effects are particularly pronounced for the neutral pseudo scalar mass, whereas for other quantities studied so far by ETMC they are compatible with zero. In this paper, we will corroborate this result also in the baryon sector showing that isospin breaking effects are in general small or even compatible with zero. For a preliminary account of these results see Ref. [17] .
The paper is organized as follows: The details of our lattice setup, namely those concerning the twisted mass action, the parameters of the simulations and the interpolating fields used, are given in Section II. Section III contains the numerical results of the baryon masses computed for different lattice volumes, lattice spacings and bare quark masses. Lattice artifacts, including finite volume and discretization errors are also discussed with special emphasis on the O(a 2 ) isospin breaking effects inherent in the twisted mass formulation of lattice QCD. The chiral extrapolations are analyzed in Section IV. Section V contains a comparison with other existing calculations and conclusions are finally drawn in Section VI.
II. LATTICE TECHNIQUES A. The lattice action
In the present work we employ the twisted mass fermion (TMF) action [18] and the Iwasaki improved gauge action [19] . Twisted mass fermions provide an attractive formulation of lattice QCD that allows for automatic O(a) improvement, infrared regularization of small eigenvalues and fast dynamical simulations [20] .
The twisted mass Wilson action used for the light degenerate doublet of quarks (u,d) is given by [18, 20] 
with τ 3 the third Pauli matrix acting in the flavour space, m 0,l the bare untwisted light quark mass, µ l the bare twisted light quark mass and the massless Wilson-Dirac operator given by
where ∇ µ ψ(x) = 1 a U † µ (x)ψ(x + aμ) − ψ(x) and ∇ * µ ψ(x) = − 1 a U µ (x − aμ)ψ(x − aμ) − ψ(x) .
The quark fields denoted by χ (l) in Eq. (1) are in the so-called "twisted basis". The fields in the "physical basis", ψ (l) , are obtained for maximal twist by the simple transformation
In addition to the light sector, a twisted heavy mass-split doublet χ (h) = (χ c , χ s ) for the strange and charm quarks is introduced, described by the action [21, 22] 
where m 0,h is the bare untwisted quark mass for the heavy doublet, µ σ is the bare twisted mass along the τ 1 direction and µ δ is the mass splitting in the τ 3 direction. The quark fields for the heavy quarks in the physical basis are obtained from the twisted basis through the transformation
In this paper, unless otherwise stated, the quark fields will be understood as "physical fields", ψ, in particular when we define the baryonic interpolating fields.
The form of the fermionic action in Eq. (1) breaks parity and isospin at non-vanishing lattice spacing. In particular, the isospin breaking in physical observables is a cut-off effect of O(a 2 ) [20] . Maximally twisted Wilson quarks are obtained by setting the untwisted quark mass m 0 to its critical value m cr , while the twisted quark mass parameter µ is kept non-vanishing in order to work away from the chiral limit. A crucial advantage of the twisted mass formulation is the fact that, by tuning the bare untwisted quark mass m 0 to its critical value m cr , all physical observables are automatically O(a) improved [20, 22] . In practice, we implement maximal twist of Wilson quarks by tuning to zero the bare untwisted current quark mass, commonly called PCAC mass, m PCAC [23, 24] , which is proportional to m 0 − m cr up to O(a) corrections. A convenient way to evaluate m PCAC is through
2 χ is the pseudoscalar density in the twisted basis. The large t/a limit is required in order to isolate the contribution of the lowest-lying charged pseudoscalar meson state in the correlators of Eq. (7). This way of determining m PCAC is equivalent to imposing on the lattice the validity of the axial Ward identity ∂ µÃ b µ = 2m PCACP b , b = 1, 2, between the vacuum and the charged zero three-momentum one-pion state. When m 0 is taken such that m PCAC vanishes, this Ward identity expresses isospin conservation, as it becomes clear by rewriting it in the physical quark basis. The value of m cr is determined at each µ l in our N f = 2 + 1 + 1 simulations, a procedure that preserves O(a) improvement and keeps O(a 2 ) small [23, 24] . The reader can find more details on the twisted mass fermion action in Ref. [25] . Simulating a charm quark may give rise to concerns regarding cut-off effects. An analysis presented in Ref [26] shows that they are surprising small. We will understand such effects on the observables studied in this work.
In order to avoid complications due to flavor mixing in the heavy quark sector we only use Osterwalder-Seiler valence strange and charm quarks. Since the bare heavy quark masses in the sea were approximately tuned to the mass of the kaon and D-meson, in order to match their masses exactly tuning would have been required even if we used twisted mass quarks for the strange and the charm. Since our interest in this work is the baryon spectrum we choose to use the physical mass of the Ω − and the Λ c in order to tune the Osterwalder-Seiler strange and charm quark masses. This means that we need to choose a value of strange (charm) quark mass performed the computation at several values of the pion mass and then chiral extrapolate the Ω − (Λ c ) mass and compare with its experimental value. If our chirally extrapolated results do not reproduce the right mass we change the strange (charm) quark mass and iterate until we reach agreement with the experimental value. Osterwalder-Seiler fermions are doublets with r = ±1 like the the u-and d-doublet, i.e. χ (s) = (s + , s − ) and χ (c) = (c + , c − ), have an action that is the same as for the doublet of light quarks, as given in Eq. (1), but with µ l in Eq. (1) replaced with the tuned value of the bare twisted mass of the strange (charm) valence quark. Taking m 0 to be equal to the critical mass determined in the light sector the O(a) improvement in any observable still applies. One can equally work with the upper or the lower component of the strange and charm doublets. In the continuum limit both choices are equivalent. In this work we choose to work with the upper components, namely the s + and c + . The action for the heavy quarks would then read
The reader interested in the advantage of this mixed action in the mesonic sector is referred to the Refs [21, [27] [28] [29] [30] . We give more details on the tuning of the strange and charm quark masses in subsection F.
B. Simulation details
We summarize the input parameters of the calculations, namely β, L/a, the light quark mass aµ as well as the value of the pion mass in Table I . A total of ten gauge ensembles at three values of β are considered, namely β = 1.90, β = 1.95 and β = 2.10, allowing for an investigation of finite lattice spacing effects and for taking the continuum limit. The values of the lattice spacings a given in Table I are determined using the nucleon mass as explained in subsection E. The pion masses for the simulations span a range from about 210 MeV to 430 MeV, which is close enough to the physical point mass to allow us to perform chiral extrapolations. In order to extract baryon masses we consider two-point correlation functions at p = 0 defined by
where J X is the interpolating field of the baryon state of interest acting at the source (x source , t source ) and the sink, (x sink , t sink ). Space-time reflection symmetries of the action and the anti-periodic boundary conditions in the temporal direction for the quark fields imply, for zero three-momentum correlators, that C + X (t) = −C − X (T − t). Therefore, in order to decrease errors we average correlators in the forward and backward direction and define
In addition, the source location is chosen randomly on the whole lattice for each configuration, in order to decrease correlation among measurements. The ground state mass of a given hadron can be extracted by examining the effective defined by
where ∆ i = m i − m X is the mass difference of the excited state i with respect to the ground mass m X . All results in this work have been extracted from correlators where Gaussian smearing is applied both at the source and sink.
In general, effective masses of correlators of any interpolating fields are expected to have the same value in the large time limit, but applying smearing on the interpolating fields suppresses excited states, therefore yielding a plateau region at earlier source-sink time separations and better accuracy in the extraction of the mass. Our fitting procedure to extract m X is as follows: The sum over excited states in the effective mass given in Eq. (11) is truncated, keeping only the first excited state,
The upper fitting time slice boundary is kept fixed, while allowing the lower fitting time to be two or three time slices away from t source . We then fit the effective mass to the form given in Eq. (12) . This exponential fit yields an estimate for c 1 and ∆ 1 as well as for the ground state mass, which we denote by m (E)
X . Then, we perform a constant fit to the effective mass increasing the initial fitting time t 1 . We denote the value extracted by m (C) X (t 1 ). The final value of the mass is selected such that the ratio
becomes less than 50% the statistical error on m (C)
. This criterion is, in most cases, in agreement with χ 2 /d.o.f. becoming less than unity. In the cases in which this criterion is not satisfied a careful examination of the effective mass is made to ensure that the fit range is in the plateau region. We show representative results of these fits to the effective mass of the baryons Ξ 0 and Ω 0 c in Fig. 1 . The error bands on the constant and exponential fits are obtained using jackknife analysis. As can be seen the exponential and constant fits yield consistent results in the large time limit. The baryon states are created from the vacuum with the use of interpolating fields that are constructed such that they have the quantum numbers of the baryon of interest and reduce to the quark model wave functions in the nonrelativistic limit. We have a four-dimensional flavour space and therefore we consider SU(3) sub-groups to visualise baryons under SU(4) symmetry. The baryon states split into a 20 -plet of spin-1/2 states and a 20-plet of spin-3/2 states. There also exists a4-plet, which is not considered in this work. Light, strange and charmed baryons can be classified according to their transformation properties under flavour SU(3) and their charm content. This is shown schematically in Fig. 2 and Fig. 3 . The spin-1/2 20 -plet decomposes into three horizontal levels. The first level is the standard octet of the SU(3) symmetry that has no charm quarks, the c = 1 is the second level that splits into two SU(3) multiplets, a 6 containing the Σ c and a3 containing the Λ c and the Ξ c and the c = 2 3 multiplet of SU (3) that forms the top level. In a similar way, the 20-plet of spin-3/2 baryons contains the standard c = 0 decuplet at the lowest level, the c = 1 level 6 multiplet of SU(3), the c = 2 3 multiplet and a c = 3 singlet at the top of the pyramid. The interpolating fields for these baryons, displayed Fig. 2 and Fig. 3 , are collected in the Tables XI and XII of Appendix A [31] [32] [33] .
In other recent works where baryon properties are studied, e.g. in Ref [34] , different interpolating fields to those we provide in Tables XI and XII were used. These different interpolating fields are tabulated in Table XIII of Appendix A. In what follows we will compare the effective masses using the two different sets that have the same quantum numbers but different structure. As local interpolating fields are not optimal for suppressing excited state contributions, we apply Gaussian smearing to each quark field q(x, t) [35, 36] . The smeared quark field is given by q smear (x, t) = y F (x, y; U (t))q(y, t), where we have used the gauge invariant smearing function
constructed from the hopping matrix understood as a matrix in coordinate, color and spin space,
In addition, we apply APE smearing to the spatial links that enter the hopping matrix. The parameters α and n of the Gaussian and APE smearing at each value of β are collected in Table II . The interpolating fields for the spin-3/2 baryons defined in Table XII have an overlap with spin-1/2 states. These overlaps can be removed with the incorporation of a spin-3/2 projector in the definitions of the interpolating fields
For non-zero momentum, P µν 3/2 is defined by [37] In correspondence, the spin-1/2 component J
can be obtained by acting with the spin-1/2 projector P µν
Elements with Lorentz indices µ, ν = 0 will not contribute. In this work we study the mass spectrum of the baryons in the rest frame taking p = 0. Since in that case the last term of Eq. (17) will contain δ 0µ , it will vanish. When the spin-3/2 and spin-1/2 projectors are applied to the interpolating field operators, the resulting two-point correlators for the spin-3/2 baryons acquire the form
where Tr[C] = i C ii . When no projector is taken into account, the resulting two-point correlator would be C =
We have carried out an analysis to examine the results of the effective masses extracted from correlation functions with and without the spin-3/2 projection, as well as with the spin-1/2 projector using 100 gauge configurations, a number sufficiently large for the purpose of this comparison. In our comparison we also consider correlation functions obtained using the alternative interpolating fields given in Table XIII . To distinguish these two sets we denote the interpolating fields of Tables XI and XII by J B and those in Table XIII byJ B . The left panel of Fig. 4 compares effective masses extracted from correlators with J Σ * + at β = 2.10, aµ l = 0.0015. As can be seen, the results for the effective masses when applying the 3/2-projector and without any projection are perfectly consistent even at short source-sink time separations yielding the mass of Σ * + . On the other hand, the effective mass obtained using the spin-1/2 projected interpolating field is much more noisy and yields a higher value of the mass. The latter property suggests that the 1/2-projected interpolating field J Σ * yields an excited spin-1/2 state of the Σ * at least at small time slices. The large errors associated with the correlator with the spin-1/2 projector suggest that the overlap with this state is weak. Another example is shown in the right panel of Fig. 4 , where results are displayed for the correlator using J Σ * ++ c at β = 1.95, aµ l = 0.0055. A similar behavior to ours for the Σ * ++ c was found in Ref. [38] where the same spin projections are implemented. However, there are cases where the spin-3/2 projection is required. One example is the Ξ * − baryon, shown in Fig. 5 , where the effective mass when no projection is applied is persistently lower than when using the spin-3/2 projector. It is also apparent from Fig. 5 that the spin-1/2 projected interpolating field J Ξ * − yields an effective mass, which is consistent with the corresponding results using the spin-1/2 interpolating field J Ξ − and thus the mass of Ξ − . A similar case to this is the Ξ * 0 , as can be seen from Fig. 6 . Therefore, it is crucial in order to obtain the correct spin-3/2 mass to project out the lower-lying spin-1/2 state.
In order to further examine the properties of the interpolating fields, we also include effective mass results from the alternative set of interpolating fields. We plot effective mass results obtained fromJ Ξ * 0 as well as the effective mass 
Comparison of effective masses extracted using for J Ξ * − at β = 1.95, aµ l = 0.0025 obtained with the spin-3/2 projection (red filled circles), without projection (blue open squares, shifted to the right for clarity) and with spin-1/2 projection (green triangles). Also plotted is the effective mass using J Ξ − (magenta diamonds). The main conclusion of this analysis is that the set of spin-3/2J interpolating fields do not need any spin-3/2 projection, whereas the J in general do. After spin-3/2 projection they both give consistent results for the mass of the spin-3/2 state they represent, as expected. Therefore from now on we use only results from spin-3/2 projected interpolating fields and limit ourselves to the interpolating fields J listed in Tables XI and XII.
E. Determination of the lattice spacing
Since in this work the observables discussed are the masses of baryons, the physical nucleon mass is the most appropriate quantity to set the scale. In order to determine the values of the lattice spacings as accurate as possible we have carried out a high statistics analysis of the nucleon masses for a total of 17 N f = 2 + 1 + 1 gauge ensembles at β = 1.90, β = 1.95 and β = 2.10 on a range of pion masses and volumes. We average over the masses of the proton and neutron to further gain on statistics. The resulting nucleon masses for each of the gauge ensembles are collected in Table III .
The nucleon masses as function of m 2 π are presented in Fig. 11 . As can be seen, cut-off effects are negligible, therefore we can use continuum chiral perturbation theory to extrapolate to the physical pion mass using all the lattice results. To this end we consider SU(2) chiral perturbation theory (χPT) [39] and the well-established O(p 3 ) result of the nucleon mass dependence on the pion mass, given by
where m 0 N is the nucleon mass at the chiral limit and together with c 1 are treated as fit parameters. This lowest order result for the nucleon in HBχPT, first derived in Ref. [40] , and describes well lattice data [13, 41] . Since this result is well established as the leading contribution and various approaches such as in HBχPT with dimensional and infra-red regularization as well as when the ∆ degree of freedom is explicitly included only differentiate higher order terms, we will use it to fix the lattice spacing from the nucleon mass. The lattice spacings a β=1.90 , a β=1.95 and a β=2.10 are considered as additional independent fit parameters in a combined fit of our data at β = 1.90, β = 1.95 and β = 2.10. We constrain our fit so that the fitted curve passes through the physical point by fixing the value of c 1 . The physical values of f π and g A are used in the fits, namely f π = 0.092419(7)(25) GeV and g A = 1.2695 (29) , which is common practice in chiral fits to lattice data on the nucleon mass [42] [43] [44] . The left panel of Fig. 11 shows the fit to the O(p 3 ) result of Eq. (19) on the nucleon mass. The error band and the errors on the fit parameters are obtained from super-jackknife analysis [45] . As can be seen, the O(p 3 ) result provides a very good fit to our lattice data, which in fact confirms that cut-off and finite volume effects are small for the β-values used. In addition, our lattice results exhibit a curvature which supports the presence of the m 3 π -term. In order to estimate the systematic error due to the chiral extrapolation we also perform a fit using heavy baryon chiral perturbation theory (HBχPT) to O(p 4 ) in the so-called small scale expansion (SSE) [44] . This form includes explicit ∆ degrees of freedom by introducing as an additional parameter the ∆-nucleon mass splitting,
In SSE the nucleon mass is given by
where
We take the cut-off scale λ = 1 GeV, c 1 = 1.127 [44] and treat the counter-term E 1 as an additional fit parameter. In order to better assess discretization effects we perform a fit to O(p 3 ) at each of the β values separately. The values we find are a β=1.90 = 0.0923 (20) fm, a β=1.95 = 0.0821(16) fm and a β=2.10 = 0.0657(12) fm. These values are fully consistent with those obtained in Eq. (21) from the combined fit, indicating that discretization effects are small, thus confirming a posteriori the validity of the assumption that cut-off effects are small and negligible, at least for the nucleon mass. We will use the values given in Eq. (21) to convert to physical units all the quantities studied in this work. We note that when performing these fits only statistical errors are taken into account and systematic errors due to the choice of the plateau are not included. The lattice spacings for these β values were also calculated from a pion decay constant analysis using NLO SU(2) chiral perturbation theory for the extrapolations [46] . In that preliminary analysis only a subset of the ensembles used here was included, yielding values of the lattice spacings that are smaller compared to the values we extract using the nucleon mass in this work. Specifically, the lattice spacings at β = 1.90 , 1.95 and 2.10 were found to be a fπ = 0.0863(4) , 0.0779(4) and 0.607(2) respectively, where a fπ denotes the lattice spacing determined using the pion decay constant. This implies that the values of the pion masses in physical units we quote in this paper are equivalently smaller than those obtained using f π to convert to physical units. A comprehensive study of the different lattice spacing determinations is on-going.
Having determined the parameters of the chiral fit we can compute the nucleon σ πN -term by evaluating m ) we find σ πN = 64.9 ± 1.5 MeV. This value is fully consistent with previous values extracted using this lowest order fit by ETMC on N f = 2 quark flavor ensembles [13, 41] . Performing the same calculation using the O(p 4 ) expression we obtain a lower value of σ πN = 45.3 ± 4.3 MeV showing the sensitivity to the chiral extrapolation. It is worth mentioning that such a difference in the determination of the σ πN -term is known in the literature. For example, a latest πN scattering study [47] , reporting a value σ πN = 59 ± 7 MeV, while higher values were also obtained using the Feynman-Hellmann theorem to analyse lattice QCD data yielding σ πN = 55 ± 1 MeV [48] . Lower values are associated with the well-known result of σ πN = 45 ± 8
MeV extracted from an earlier chiral perturbation analysis of experimental scattering data [49] , as well as, with the values extracted in other lattice QCD calculations, such as the analysis of the QCDSF collaboration [50] , where a value σ πN = 38 ± 12 MeV is obtained and of Ref. [51] where a value of σ πN = 52 ± 3 ± 8 is extracted from a flavour SU(2) extrapolation of a large set of lattice data on the nucleon mass. A very recent result is obtained using the relativistic chiral Lagrangian from Ref. [52] , suggests a rather smaller value of σ πN = 39 + 2 − 1 MeV. We summarize lattice results on σ πN in Fig. 12 we we show our O(p 3 ) value. We take difference between the value extracted from the O(p 4 ) expression of Eq. (20) and the O(p 3 ) value as an estimate for the error arising from chiral extrapolation. As can be seen from the values in Table IV the chiral extrapolation error is large showing the sensitive on the chiral extrapolation, which expkains the large error shown on our σ πN results. It is apparent that, despite the long efforts, the precise determination of the nucleon σ-terms is still an open issue and direct techniques as those described in for example Ref. [53] are welcome. 
For the Ω − we use the leading one-loop result from SU(2) χPT, given by
where the mass m
Ω and c 
where m
Λc and the coefficients c i are treated as fit parameters. We include cut-off effects, by adding a quadratic term da 2 to the Eqns. (23) and (24), where d is treated as an additional fit parameter. The fit then yields the result at the physical point in the continuum limit. We use the lattice spacings given in Eq. (21) extracted from the nucleon mass to convert the Ω − and Λ c masses to physical units. In order to perform the tuning we use several values of the strange and charm quark masses for the gauge ensembles considered in this work, as listed in Table V . Our strategy is to interpolate the Ω − and Λ + c masses to a given value of the renormalized strange and charm quark mass, respectively, and then extrapolate to the physical point using Eqns. (23) and (24) 
The error in the first parenthesis is the statistical error on the fit parameters and in the second parenthesis is the error associated with the tuning estimated by allowing the renormalized mass to vary within the statistical errors of the Ω − and Λ + c mass at the physical point. The latter systematic uncertainty due to the tuning will be included in the final errors we quote for the baryon masses. In Ref. 
Ω and c i are collected in Given the fact that we have performed a high statistics run (see Table I ) using m R c = 1186 MeV, which was our first estimate for m R c and since this value is consistent with the final tuned value given in Eq. (25) we will use the high statistics results to obtain the values of the charmed baryon masses at the physical point. We have checked that interpolation of our lattice data for the charm baryons at the tuned value of m 
III. LATTICE RESULTS
Lattice results are obtained for three lattice spacings allowing to assess cut-off effects. We start by addressing any possible isospin breaking effects on the baryon masses. 
A. Isospin symmetry breaking
The twisted mass action breaks isospin explicitly to O(a 2 ) and the size of the O(a 2 ) terms determines how large this breaking is. Any isospin splitting should vanish in the continuum limit. In general, isospin symmetry breaking manifests itself as a mass splitting among baryons belonging to the same multiplets. We note that there is still a symmetry when interchanging a u-with a d-quark, which means for example that the proton and the neutron are still degenerate as are the ∆ ++ and the ∆ − as well as the ∆ + and ∆ 0 . However, mass splitting could be seen between the ∆ ++ and the ∆ + . Also, isospin breaking effects maybe present in the hyperons and charmed baryons in particular given that we consider only the s + and c + , as explained in section II.A. We begin this analysis by plotting the mass difference as a function of a 2 for the ∆ baryons. We average over ∆ ++ and ∆ − as well as over ∆ + and ∆ 0 and take the difference between the two averages. The corresponding plot is shown in Fig. 15 , where as one can see, the mass difference is consistent with zero, indicating that isospin breaking effects are small for the ∆ baryons at the β values analysed. We also examine the mass difference of the strange baryons in Fig. 16 . We observe that the mass difference between the Σ + and Σ − and between the Ξ 0 and Ξ − are indeed decreasing linearly with a 2 being almost zero at our smallest lattice spacing. For the strange spin-3/2 baryons the results are fully consistent with zero at all lattice spacings.
We continue our analysis by studying the isospin breaking for the charm baryons. We show in Fig. 17 the mass difference between the Σ c , Ξ c and Ξ cc multiplets at the three lattice spacings for all pion masses considered in this work. As in the strange sector, non-zero values are obtained at the largest lattice spacing, which do not exceed 3% the average mass of these baryons. As expected, the mass splitting vanishes as the continuum limit is approached. In the same figure we also show the mass difference between Ξ + c and Ξ 0 c , which is consistent with zero indicating that isospin breaking effects are small at all values of the lattice spacing. As in the case of the strange decuplet, the isospin splitting for the charmed spin-3/2 baryons is consistent with zero.
Having several pion masses at a given lattice spacing one can ask how the isospin mass splitting depends on the pion mass. As shown in Figs. 16 and 17 , the baryon mass differences are independent of the light quark mass to the present accuracy of our results.
IV. CHIRAL AND CONTINUUM EXTRAPOLATION
In order to extrapolate our lattice results to the physical pion mass we allow for cut-off effects by including a term quadratic in the lattice spacing and then apply continuum chiral perturbation theory at our results.
For the strange baryon sector we consider SU(2) heavy baryon chiral perturbation theory (HBχPT). The same expressions were used in other twisted mass fermion studies [13, 41, 57] and were found to describe lattice data satisfactory. The leading one-loop results for the octet and decuplet baryons [58, 59] are given by
for the octet baryons and
for the decuplet baryons. In addition we consider the next-to-leading order SU(2) χPT results [39] . For completeness, we include the expressions in Appendix C.
We fix the nucleon axial charge g A and pion decay constant f π to their experimental values (we use the convention such that f π = 0.092419(7)(25) GeV) as was done in the case of determining the lattice spacings from fitting the nucleon mass. The remaining pion-baryon axial coupling constants are taken from the following SU(3) relations [39] :
Octet :
In the octet case, once g A is fixed, the axial coupling constants depend on a single parameter α such that α = D D+F . Its value is poorly known. It can be taken either from the quark model (α = 3/5), from the phenomenology of semi-leptonic decays or from hyperon-nucleon scattering. As in Ref. [39] , we take α = 0.58 or 2D = 1.47. The axial couplings in the decuplet case depend only on H for which we take the value H = 2.2, again from Ref. [39] . This value is close to the prediction by SU(6), namely H = 9 5 g A = 2.29. The latter was used in a previous work [41] , resulting in the same cubic term for the nucleon and ∆. When fixing the octet-decuplet transition couplings we take C = 1.48 from Ref. [60] . Having fixed the coupling constants this way, the LO, the one-loop as well as the NLO expressions are left with m X independently. The chiral extrapolation is applied to the average over all states belonging to the same isospin multiplets, except for the charged states of the Σ, Ξ and Ξ c where small non zero mass differences exist due to isospin breaking effects. For these particles we first extrapolate to the continuum limit to ensure that they are degenerate and then take the average of their continuum values.
We give the fit parameters extracted from fitting our lattice results for the octet and decuplet baryons to the leading one-loop order (Eqns. (26) and (27)) and NLO (Eqns. (30) and (31)) in Table VIII . We also show the baryon masses at the physical point obtained from the leading order fits in Table X . The lattice results for the octet and decuplet baryons at the three β values are collected in Appendix. B. The deviation of the values obtained at the physical pion mass from the two fitting procedures provide an estimate of the systematic error due to the chiral extrapolation. This error on the masses is given in the second parenthesis in Table X . Since for the Ω the LO and NLO expressions have no difference, we do not quote a systematic error due to the chiral extrapolation. We show representative plots of the chiral fits for the octet and decuplet baryons in Fig. 18 . Our results shown here are continuum extrapolated and thus the errors on the points are larger than those on the raw data. The error band for the leading one-loop order and NLO fits are constructed using the super-jackknife procedure [45] . As can be seen, the data are well described by the LO fits and the physical masses of Λ, Σ 0 and Ξ 0 are reproduced. For the ∆ and Ξ * the physical point is missed by about one standard deviation, while the results for Σ * extrapolate to a 5% higher value. The NLO fits also describe the lattice data satisfactory but in general extrapolate to a lower value at the physical point. Taking the difference between the value found using the LO and NLO expressions we estimate the systematic error due to the chiral extrapolation, and this yields agreement with the experimental values also in the cases of ∆, Σ * and Ξ * . For the charm baryons we use the Ansatz
This expression is motivated by SU(2) HBχPT to leading one-loop order, where m
B and c i are treated as independent fit parameters. As before, we add the term da 2 in the fits in order to simultaneously extrapolate to the continuum and we average over the states belonging to the same isospin multiplets. We show representative plots of the chiral fits for the charm baryons in Fig. 19 . The resulting fit parameters from the fits are listed in Table IX . The masses at the physical point are shown in Table X . The lattice results for all charm baryons at the three β values are collected in Appendix. B. As can be seen from the chiral fits, setting c 2 = 0 in the Ansatz would lead to satisfactory fits as well. This is also reflected by the large uncertainties on this fit parameter, making it consistent with zero. As in the strange baryon sector, our continuum data are described well by Eq. (29), yielding values at the physical point which in general are consistent with experiment. For the Ω 0 c and Ω * 0 c the lattice data extrapolate to a lower value by one and two standard deviations respectively. In order to estimate a systematic error due to the chiral extrapolation in the charm sector, we perform the chiral fits using Eq. (29) with our lattice data only up to m π ∼ 300MeV and setting c 2 = 0. The deviation of the values obtained at the physical pion mass from fitting using the whole pion mass range and fitting up to m π ∼ 300MeV yields an estimation of the systematic error due to the chiral extrapolation.
We also estimate a systematic uncertainty due to the tuning for all strange and charm baryons. This is done by evaluating the baryon masses when the strange and charm quark masses take the upper and lower bound allowed by the error in their tuned values (Eq. (25)). The deviation of the mass extracted using χPT to leading order provides an estimate of the systematic error due to the tuning, given in the third parenthesis in Table X. In the strange sector, the systematic error due to the tuning on the strange baryon masses gives an upper bound of the error expected, since the tuning was performed using the Ω which contains three strange quarks, and thus any error due to the uncertainty of the tuning would be the largest in this case.
As in the nucleon case, an estimate of the light σ-term of all the hyperons and charmed baryons considered in this work can be made, by taking the derivative m 2 π ∂m B /∂m 2 π . For the octet and decuplet we calculate σ πB using the LO as well as the NLO expressions. It is apparent that the value extracted depends on the fitting Ansatz, and since the slope of the NLO fit is larger at the physical point, the resulting values for σ πB from the NLO expressions are larger, again indicating the sensitivity on the chiral extrapolations. We list the values extracted for the octet and decuplet baryons in Table VIII . A number of other recent works [13, 48, 52, 54, 55, [61] [62] [63] have computed the light σ-terms for the octet and decuplet baryons by analyzing lattice QCD data from various collaborations. We compare our results with the results of these calculations in Figs. 20 and 21. As for the case of the nucleon σ-term, we take the difference between the values obtained using O(p 3 ) and O(p 4 ) perturbation theory as an estimate of the systematic error arising from the chiral extrapolation. This explains why our results have a larger error as compared to other groups which, typically, do not include such an estimate. Extending this analysis we can compute the poorly known σ-terms for the charmed baryons from the fitting Ansatz of Eq. (29) . We list the resulting values in Table IX .
V. COMPARISON WITH RESULTS FROM OTHER COLLABORATIONS
In this section we compare our lattice results with those of other collaborations which use different discretization schemes. Having already extrapolated to the continuum, we also compare our values at the physical pion mass with the corresponding results of other collaborations and with experiment.
Several collaborations have calculated the strange spectrum. The Budapest-Marseille-Wuppertal (BMW) collaboration carried out simulations using tree level improved 6-step stout smeared N f = 2 + 1 clover fermions and a tree level Symanzik improved gauge action. The lattice spacing values used to obtain the continuum limit were a = 0.065 fm, 0.085 fm and 0.125 fm. Using pion masses as low as 190 MeV, a polynomial fit was performed to extrapolate to the physical point [64] . The PACS-CS collaboration obtained results using N f = 2 + 1 non-perturbatively O(a) improved clover fermions on an Iwasaki gauge action on a lattice of spatial length of 2.9 fm and a value of lattice spacing a = 0.09 fm [65] . Ref. [66] also includes results on the charmed baryons from an analysis on N f = 2 + 1 2-HEX [67] and SLiNC [68, 69] configurations produced by the BMW-c and QCDSF collaborations respectively. Finally, we compare with the LHPC collaboration, which obtained results using a hybrid action of domain wall valence quarks on a staggered sea on a lattice of spatial length 2.5 fm and 3.5 fm at lattice spacing a = 0.124 fm [70] .
In Fig. 22 we compare our lattice results on the octet baryons with those of BMW, the PACS-CS and the LHPC collaborations. In the nucleon case, we furthermore compare with results from the MILC collaboration [71] , obtained from N f = 2 + 1 + 1 simulations using the one-loop Symanzik improved gauge action and an improved Kogut-Susskind quark action at a lattice spacing value a = 0.130 fm and with results from QCDSF-UKQCD, obtained using N f = 2 simulations at three values of the lattice spacing, a = 0.076 , 0.072 , 0.060 fm [72] . We note that our results shown in these plots and the results from the PACS-CS and LHPC are not continuum extrapolated, while the results from BMW are continuum extrapolated and have larger errors than the rest. Nevertheless, there is an overall agreement, best seen in the case of the nucleon mass, which indicates that cut-off effects are small. A similar behavior is also seen in the case for the mass in the decuplet shown in Fig. 23 , where we compare our results with those from PACS-CS and LHPC. We stress that these lattice results need to be extrapolated to zero lattice spacing (continuum limit) and therefore small deviations are to be expected the raw data. A comparison is also made with recent phenomenology results on the octet and decuplet baryon masses, obtained from an analysis of lattice QCD data based on the relativistic chiral Lagrangian [52] . As can be seen from Fig. 24 , results show an overall agreement.
In Fig. 25 we show the masses for the octet and decuplet baryons obtained after extrapolating to the continuum limit and to the physical pion mass. Our results are obtained using the leading order expansions from HBχPT and the statistical error and total error are shown separately. The error in red in our results shown in Figs. 25 represents the statistical error. The total error bar, shown in blue, is obtained after adding quadratically the statistical error and the systematic errors due to the chiral extrapolation and due to the tuning.
In addition, we compare our results obtained in the charm sector with the corresponding results of other lattice calculations. Specifically, the MILC collaboration has obtained results using a clover charm valence quark in
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B , and the fit parameter c
B as determined from fitting to the leading one-loop order expressions for the octet and decuplet baryons at the tuned strange quark mass. Also shown in the value of the light σ-term at the physical point determined from the fits.
Baryon m 
B , and fit parameters ci as determined from fitting to the Ansatz of Eq. (29) for the charm baryons at the tuned strange and charm quark masses. Also listed is the value of the light σ-term in MeV.
2 + 1 + 1 gauge configurations at three values of the lattice spacing, a = 0.09 , 0.12 , 0.15 fm [11, 73] . Moreover, results for the charm spectrum were produced from N f = 2 + 1 + 1 gauge configurations at lattice spacing values a = 0.06 , 0.09 , 0.12 fm using the highly improved staggered quark (HISQ) action, whereas the valence up, down and strange quark propagators were generated using the clover improved Wilson action [10] . A relativistic heavy quark action was implemented for the charm quark in order to reduce discretization artifacts. In Ref. [12] domain wall fermions are used for the up, down and strange quarks with N f = 2+1 simulations using the improved Kogut-Susskind sea quarks at a lattice spacing value a = 0.12 fm. For the charm quark the relativistic Fermilab action was adopted. Finally, the PACS-CS has obtained results in the charm sector using the relativistic heavy quark action on N f = 2 + 1 configurations with the light and strange quarks tuned to their physical masses, a lattice spacing of a = 0.09 fm and a spatial length of L = 2.9 fm [74] . We compare our results with those from Refs. [10-12, 73, 74] .
In Fig. 26 we compare our continuum extrapolated results on the charmed spectrum with experiment again showing separately the statistical error and the total error. Given the agreement with the experimental values, lattice QCD thus provides predictions for the mass of the Ξ * cc , Ω cc , Ω * cc and Ω ccc . These predictions are consistent among lattice (9) TABLE X. Our values of the masses of the baryons considered in this work after extrapolating to the physical point and taking the continuum limit given in GeV, with the associated statistical error shown in the first parenthesis. The error in the second parenthesis is an estimate of the systematic error due to the chiral extrapolation and in the third parenthesis (except for ∆, which contains only light quarks) is an estimate of the systematic error due to the tuning. There are no systematic errors for Ω − and Λ + c since these are used for the tuning of the strange and charm quark mass, respectively.
calculations, as shown in Fig. 26 . We also point out that our value for Ξ cc is within errors with the value measured by the SELEX experiment.
VI. CONCLUSIONS
The twisted mass formulation allowing simulations with dynamical strange and charm quarks with their mass fixed to approximately their physical values provides a good framework for studying the baryon spectrum. A number of gauge ensembles are analyzed spanning pion masses from about 450 MeV to 210 MeV for three lattice spacings. For the strange and charm valence quarks we use the Osterwalder-Seiler formulation and tuned their mass using the mass of the Ω and Λ c , respectively. Thus the strange and charm quarks are treated in the same manner as the light quarks. This is to be contrasted with other lattice calculations where N f = 2 + 1 staggered gauge configurations are used and the charm valence quark is introduced using a different discretization scheme such as clover or described by a relativistic heavy quark action. A comparison of our lattice results to other lattice calculations before extrapolations shows an overall similar tread for all lattice formulations.
Having values for the masses at three lattice spacings is crucial in order to both verify that cut-off effects are under control and to extrapolate the results to the continuum limit. We perform a continuum extrapolation to all our data and chiral extrapolate to the physical pion mass. In most cases, the largest systematic error arises because of the chiral extrapolation and the tuning of the strange and charm quark masses. We estimate the error due to the chiral extrapolation by comparing results at different orders of the chiral expansion. The systematic error due to tuning is estimated by varying the strange and charm quark mass within the error band of the Ω and Λ c masses at the physical point. From the chiral fits we can determine the light σ-terms for all baryons via the Feynman-Hellmann theorem. The largest uncertainty in their determination arises from the chiral extrapolation which, in some cases amounts to over 30% error. Therefore direct determinations of the σ-terms [53, 76] although very computer intensive can provide Results using clover fermions from BMW [64] are shown in green triangles and from PACS-CS [65] with blue squares. Domain wall valence quarks by the LHPC [70] are shown in magenta diamonds. In the nucleon case we additionally show results from the MILC collaboration [71] in purple inverted triangles and from QCDSF-UKQCD [72] with orange crosses. The physical point is shown with the black asterisk. [65] and from the LHPC collaboration [70] using domain wall valence quarks. The notation is as in Fig. 22 .
a valuable alternative. The values extracted for σ πB for all the baryons are given in Table VIII . Our values for the baryon masses at the physical point, shown in Figs. 25 and 26 , reproduce the known baryon masses. For the Ξ cc we find a mass of 3.568(14)(19)(1) GeV, which is higher by one standard deviation as compared with the value of 3.519 GeV measured by the SELEX collaboration. Our prediction for the mass of the 
FIG. 25. The octet and decuplet baryon masses obtained at the physical point and the experimental masses [75] shown by the horizontal bands. For most baryons the band is too small to be visible. For the twisted mass results of this work (red circles) the chiral extrapolation was performed using the leading order HBχPT. In our results, the statistical error is shown in red, whereas the blue error bar includes the statistical error and the systematic errors due to the chiral extrapolation and due to the tuning added in quadrature. Results using clover fermions from BMW [64] are shown in magenta squares and from PACS-CS [65] with green triangles. Open symbols are used wherever the mass was used as input to the calculations. 
2.5 Fig. 25 . The experimental values are from Ref. [75] and are shown with the horizontal bands. Included are results from various hybrid actions with staggered sea quarks from Refs. [11, 73] (purple triangles), [10] (magenta diamonds) and [12] (orange inverted triangles). Results from PACS-CS [74] are shown in green triangles. 
